was reabsorbed with water in the hindgut, which concentrated Na ϩ in excreted urine hyperosmotic to the hemolymph. Upon K ϩ loading the hemolymph, the mosquito took 2 h to remove 100% of the injected K ϩ from the hemolymph. The excretion of K ϩ -rich isosmotic urine was limited to clearing the injected K ϩ from the hemolymph with a minimum of Cl Ϫ and water. As a result, 43 .3% of the injected Cl Ϫ and 48.1% of the injected water were conserved. The cation retained in the hemolymph with Cl Ϫ was probably N-methyl-D-glucamine, which replaced Na ϩ in the hemolymph injection of the K ϩ load. Since the tubular secretion of K ϩ accounts for the removal of the K ϩ load from the hemolymph, the reabsorption of K ϩ , Na ϩ , Cl Ϫ , and water must be inhibited in the hindgut. The agents mediating this inhibition are unknown.
Aedes aegypti; excretion in mosquitoes; Malpighian tubules; NaCl and KCl loads; renal transport mechanisms MOSQUITOES of the genus Aedes are the vectors of viral pathogens that in humans cause Dengue fever, yellow fever, chikungunya fever, encephalitis, and West Nile disease. Dengue and yellow fevers have reemerged in the Americas during the past 50 years. The incidence of Dengue fever has increased 30-fold between 1960 and 2010 (78) , but new ways to halt the comeback are slow to evolve. The need for new controls of the vector Aedes is urgent as global warming and other factors are increasing the geographic range of mosquito-borne "tropical diseases" (41, 77) . Moreover, insects are increasingly becoming resistant to the pyrethroids, the most commonly used insecticides and the only compounds currently approved by the World Health Organization for spraying bed nets (1, 25) .
With the goal of eradicating malaria, the Bill & Melinda Gates Foundation has enabled high-risk research for combating malaria at all levels, from genes to bed nets. In the effort to develop new insecticides against mosquitoes, we have embarked on targeting renal Malpighian tubules rather than the nervous system where pyrethroids are active (47, 73) . Our understanding of Malpighian tubules has greatly increased during the past 30 years thanks to advances in genetics, molecular biology, and epithelial transport physiology (4, 8 -10, 15, 16, 20, 21, 34, 36, 40, 57-59) . It seems now possible to create synthetic compounds, so-called small molecules, that target specific transport mechanisms in Malpighian tubules, such as inward-rectifying K ϩ -channels (65) . In the following companion paper (67a), we focus on two such compounds, VU342 and VU573 (VU). In the present paper we lay the biological background for interpreting the effects of VU compounds on the excretory physiology of mosquitoes by examining how isolated Malpighian tubules and the mosquito respond to Na ϩ and K ϩ challenges. In the absence of glomerular filtration, urinary excretion in the yellow fever mosquito (Aedes aegypti) begins with epithelial secretion of primary urine in distal Malpighian tubules. Primary urine then flows through proximal Malpighian tubules, the ileum, and the rectum to the outside. Along the way, solute and water may be removed or added, modifying the primary urine before excretion from the mosquito (15) . Since very little is known about the mechanism and regulation of transport in proximal tubules, ileum, and rectum of the yellow fever mosquito, we refer to these epithelial transport sites as the "hindgut" in this paper and the companion paper (67a) .
There is good consensus in the literature that principal cells in distal Malpighian tubules mediate active secretory transport of Na ϩ and K ϩ and that stellate cells and septate junctions mediate passive secretory transport of Cl Ϫ (9, 30, 40, 49) . Water follows by osmosis. Gap junctions couple principal and/or stellate cells electrically, thereby creating an epithelial, functional syncytium (76) . Septate junctions provide a transepithelial route for Cl Ϫ that bypasses principal and stellate cells in Malpighian tubules of Aedes aegypti under stimulation with kinin diuretic peptides (9, 51) .
In the present study we show that isolated Malpighian tubules of the yellow fever mosquito, Aedes aegypti, promptly responded to Na ϩ and K ϩ challenges by secreting Na ϩ -rich and K ϩ -rich fluids, respectively. Like Malpighian tubules, mosquitoes injected with Na ϩ or K ϩ loads responded by producing a Na ϩ -rich and K ϩ -rich urine, respectively. However, the rates of transepithelial Na ϩ secretion measured in isolated Malpighian tubules fall short of the urinary Na ϩ excretion rates measured in Na ϩ -loaded mosquitoes. Accordingly, the transport activities of Malpighian tubules must be boosted by natriuretic hormone(s) in vivo to account for the renal excretion of hemolymph Na ϩ loads. In contrast, rates of spontaneous transepithelial K ϩ secretion measured in distal Malpighian tubules in vitro can account for the urinary excre-tion of the K ϩ load in vivo without the need of a kaliuretic hormone, but reabsorption in the hindgut must be inhibited by unknown agents to eliminate the K ϩ load from the body.
MATERIALS AND METHODS

Mosquito Rearing and the Isolation of Malpighian Tubules
Mosquitoes (Aedes aegypti) were raised as described previously (51) except for feeding larval mosquitoes with a 1:1:1 mixture of yeast torula (Affymatrix, Cleveland, OH), lactalbumin (Sigma, St. Louis, MO), and rat food (Harland Laboratories, Dublin, VA) in the laboratory of Beyenbach. The larvae were fed pulverized fish food (Tetramin Tropical Flakes, Blacksburg, VA) in the laboratory of Piermarini. Adult mosquitoes had access to 3% sucrose and 10% sucrose in cotton feeders in the laboratories of Beyenbach and Piermarini, respectively.
Only Malpighian tubules from female mosquitoes were used for in vitro studies. After cold anesthesia on ice, the mosquito was decapitated, and the carcass was submerged in Ringer solution. The gut and Malpighian tubules were pulled from the abdomen with a light tug on the rectum using Dumont no. 5 forceps (Fine Science Tools, Foster City, CA). The tubules were then removed from the gut and transferred to a 50-l bath of Ringer solution (under a thin layer of light mineral oil, Fisher Scientific) for studies of fluid secretion by the method of Ramsay (64) . All glassware was rinsed with dilute bovine serum albumin to prevent Malpighian tubules from sticking to the glass.
Study of isolated Malpighian tubules
We bathed isolated Malpighian tubules in Na ϩ -or K ϩ -rich Ringer solutions. Na ϩ -rich Ringer solution contained (in mM) 150 NaCl, 3.4 KCl, 1.8 NaHCO 3, 1.7 CaCl2, 1 MgSO4, 25 HEPES, and 5 glucose (pH 7.1). The osmotic pressure of this solution was 315 Ϯ 10 mosM in 12 determinations. K ϩ -rich Ringer solution contained (in mM) 119.4 NaCl, 34 KCl, 1.8 NaHCO 3, 1.7 CaCl2, 1 MgSO4, 25 HEPES, and 5 glucose (pH 7.1). The osmotic pressure of this solution was also 315 Ϯ 10 mosM in 15 determinations.
After an isolated tubule was transferred to the 50-l droplet of Na ϩ -or K ϩ -rich Ringer solution under oil, the open end of the Malpighian tubule was pulled with a glass hook (previously silanized) into mineral oil while the blind, distal end of the tubule remained in the Ringer droplet (Fig. 1) . The tubule was nicked with a fine needle near the glass hook so that secreted fluid could exit into the light mineral oil (Fig. 1) . The volume of the secreted droplet was timed and collected for the measurement of Na ϩ , K ϩ , and Cl Ϫ concentrations by the method of electron probe.
In studies of the effects of 1 mM ouabain (Calbiochem, San Diego, CA) on transepithelial electrolyte and fluid secretion, we studied "sister" Malpighian tubules from the same female mosquito in parallel (Fig. 1) . One tubule served as the sham tubule and the other served as the experimental tubule. Each tubule was studied first for a 30-min control period (P1) in Na ϩ -rich Ringer solution (Table 1) . Thereafter, the experimental tubule was treated with 1 mM ouabain and the sham tubule was treated to the volume replacement only (Fig. 1) Data are means Ϯ SE; (n), number of tubules. Eight pairs of sister tubules were bathed in Na ϩ -rich Ringer and studied for three 30-min periods (P1-P3). sf, secreted fluid. Ouabain was added to the peritubular at the start of P2. P values were determined with the paired Student's t-test and considered significant if Ͻ0.05 (bold print). Ouabain significantly (P Ͻ 0.006) inhibited the rate of fluid secretion also in P2 from 0.63 Ϯ 0.05 to 0.47 Ϯ 0.04 ml/min, but the ionic composition of secreted was measured only in P3 for reasons of economy. and experimental tubules were then studied in parallel for periods P2 and P3 (30 min each). Statistical significance was evaluated by comparing the data from sham (control) and sister experimental tubules for each period, P1, P2, P3, etc. Whenever possible, we study "sister" tubules to 1) eliminate the considerable inter-mosquito variation in the study of single tubules, and 2) reduce the number of assays.
Extrapolating the Activity of the Isolated Malpighian Tubule to the Whole Mosquito
A single Malpighian tubule from a female Aedes aegypti is ϳ2.8 mm long (60) and consists of ϳ125 principal cells per centimeter length, or 35 principal cells per tubule (76) . Patrick et al. (53) have found that the P-type Na-K-ATPase is highly expressed in stellate cells, which are only found in the distal, secretory 2/3; i.e., 66.7%, of each Malpighian tubule of Aedes aegypti. If we assume that the distribution of the Na-K-ATPase defines the secretory portion of the tubule, we can estimate fluid secretion rates in vivo from measurements in vitro. After isolation from the mosquito, trimming and set up in the Ramsay assay, ϳ50% of the tubule, including its blind, distal end, is bathed in the Ringer droplet under oil (Fig. 1) . Some 25% of the distal, secretory portion of the tubule is "trapped" in the oil and unable to contribute to fluid secretion. Thus we can estimate the secretory activity of the distal tubule by multiplying the measured secretion rate by 1.33 ϭ (66.7%/50%). The secretion rate is then multiplied by 5, the number of Malpighian tubules in the yellow fever mosquito to estimate the contributions of distal Malpighian tubules to urinary excretion in vivo. A previous study has shown no significant differences between the transport functions of the five Malpighian tubules (7) .
Study of Intact Mosquitoes
The excretion of urine in intact adult female mosquitoes was measured after injecting the hemolymph with a Na ϩ or a K ϩ load using a recently developed technique (65) . In brief, after cold-anesthesia on ice, a female mosquito was injected through the metapleuron of the thorax to deliver 900 nl of a Na ϩ -HEPES-buffered solution (Na ϩ -HBS) or K ϩ -HEPES buffered solution (K ϩ -HBS) to the hemolymph at a rate of 100 nl/s (Fig. 2) NMDG replaced Na ϩ in the K ϩ -rich HBS for osmotic balance with Na ϩ -rich HBS. NMDG is a cation that, in general, does not cross cell membranes (2, 62) . The total replacement of Na ϩ with K ϩ was not possible because the hemolymph injection of K ϩ concentrations greater than 90 mM impaired urine excretion in mosquitoes (PM Piermarini, unpublished observations).
As shown in Fig. 2B , three mosquitoes were loaded with Na ϩ -HBS or K ϩ -HBS and placed immediately into a graduated, packed-cell volume tube (MidSci, St. Louis, MO). The tubes were sealed to minimize the evaporation of excreted urine (Fig. 2C) . Evaporation in the sealed tubes amounted to 0.02 l during the 2-h urine collection time at room temperature, which is less than 2% of the urine excreted by the mosquitoes and considered negligible in the data analysis. After 2 h, the mosquitoes were removed from the tubes. The tubes were then centrifuged to collect the excreted urine droplets in the graduated portion of the tube for the measurement of volume (Fig. 2D) . The combined urine of 3 mosquitoes was then submitted for the electron probe analysis of the urinary concentrations of Na ϩ , K ϩ , and Cl Ϫ .
Electron Probe Analysis of Fluid Secreted by Malpighian Tubules and Urine Excreted by Mosquitoes
The basic method for determining the concentrations of Na ϩ , K ϩ , and Cl Ϫ in secreted fluid and excreted urine has been described by us previously (5, 68) . In brief, standard and unknown fluid samples are deposited under oil on a beryllium block that has been polished with 1-m diamond paste (Buehler, Lake Bluff, IL). The same picoliter pipette (with a volume of about 30 ϫ 10 Ϫ12 l) is used to deposit equal volumes of known (Na directed to sweep over the block to dissolve crystals briefly. As water evaporates, the salts form smaller crystals than before. Small crystals reduce the self-absorption of X-rays in the electron probe analysis. The beryllium block is then secured on double-stick tape in a 20-mm plastic petri dish (Fisher Scientific), sample side up, and stored in a vacuumed desiccator until electron probe analysis.
The JEOL 8900 microprobe at the Cornell Center for Materials Research was used to analyze known (standards) and unknown samples (tubular secretions and urinary excretions). The microprobe was first calibrated by determining the peak emissions of the X-rays of Na ϩ , K ϩ , and Cl Ϫ , each in a designated SiLi (silicon/lithium) detector. The beryllium block was then loaded into the microprobe. Each sample spot of crystals was visualized using a secondary electron image (SEI) signal at ϫ40 magnification for programming its exact location along the x, y, and z axes of the beryllium block. Each sample spot was then subjected to an electron beam with an acceleration voltage of 15 kV at a current of 30 nA and a beam diameter of 100 m that covers the sample spot. The X-rays specific to Na ϩ , K ϩ , and Cl Ϫ were counted in the wavelength-dispersive mode and normalized to counts per second (CPS). A plot of the known Na ϩ , K ϩ , and Cl Ϫ concentrations in seven standard solutions versus CPS yielded linear standard curves. The correlation coefficient was 0.989 Ϯ 0.002 for Na ϩ , 0.992 Ϯ 0.001 for K ϩ , and 0.991 Ϯ 0.001 for Cl Ϫ in 35 standard curves. The CPS of unknown samples (secreted fluid and excreted urine) was then read against the standards to determine the concentration of Na ϩ , K ϩ , and Cl Ϫ . Using the same picoliter pipette for depositing known and unknown samples on the beryllium block made the analysis independent of sample volume.
Statistical Treatment of the Data
Numerical data are presented as means Ϯ SE with the number of observations in parenthesis. In studies of "sister tubules" in vitro, we applied the paired Student's t-test because 1) there is a underlying relationship between groups (the two tubules are from the same mosquito) but each tubule within the set is independent because two of the five Malpighian tubules were selected at random, and 2) the total number of experiments is Ͻ30. These criteria make the paired Student's t-test the appropriate statistical analysis according to the Cornell Statistical Consulting Service. In other studies we used the Student's t-test for sample means, or we set the 99% confidence interval to sample means.
RESULTS
Studies in Isolated Malpighian Tubules
Effects of ouabain on transepithelial electrolyte and fluid secretion. In the past we have observed that ouabain inhibits the rate of fluid secretion in isolated Malpighian tubules of adult female Aedes aegypti (29) . It was therefore of interest to examine how ouabain affects the transepithelial secretion of Na ϩ , K ϩ , and Cl Ϫ . Sham and sister experimental tubules had similar rates of fluid secretion during the control period P1 ( Table 1 ), confirming that tubules isolated from a single mosquito share similar functional properties in vitro (7) . Ouabain was then added to the experimental tubule at the start of P2. The glycoside significantly inhibited the rate of fluid secretion in P3 (Table 1) . Moreover, ouabain significantly inhibited the rates of transepithelial K ϩ secretion and Cl Ϫ secretion, and it significantly reduced the K ϩ concentration and increased the Na ϩ concentration without significantly affecting the Cl Ϫ concentration in secreted fluid (Table 1) .
Challenging isolated Malpighian tubules with Na ϩ and K In the presence of Na ϩ -rich Ringer solution, the tubules secreted a NaCl-rich fluid, and in the presence of K ϩ -rich Ringer solution, the tubules secreted a KCl-rich fluid (Fig. 3) . The concentrations of secreted Na ϩ and K ϩ changed reciprocally with no change in the concentration of secreted Cl Ϫ . Since fluid secretion rates were significantly (P Ͻ 0.009) higher in K ϩ -rich Ringer solution (0.68 Ϯ 0.04 nl/min) than in Na ϩ -rich Ringer solution (0.51 Ϯ 0.04 nl/min), K ϩ is a stronger stimulator of fluid secretion than Na ϩ , mole for mole (Fig. 3 ). In the presence of Na ϩ -rich Ringer solution, the tubules secreted a fluid with a Na ϩ concentration of 151.1 mM, which dropped significantly to 31.1 mM in the presence of K ϩ -rich Ringer solution (Fig. 3 ). In the presence of Na ϩ -rich Ringer solution, the tubules secreted a low concentration of K ϩ , 30.1 mM, which increased significantly to 126.9 mM in the presence of K ϩ -rich Ringer solution (Fig. 3) . The concentration of secreted Cl
Ϫ remained approximately the same in the presence of Na ϩ -rich Ringer solution, 171.6 mM, compared with 155.8 mM in the presence of K ϩ -rich Ringer solution. The product of the fluid secretion rate and the ion concentration in secreted fluid yields the ion secretion rate. Accordingly, the rate of transepithelial Na ϩ secretion was 78.6 Ϯ 8.1 pmol/min in the presence of Na ϩ -rich Ringer solution, which significantly dropped to 20.0 Ϯ 2.8 pmol/min in the presence of K ϩ -rich Ringer solution (Fig. 3) . The tubular secretion of ϩ was low, 14.6 Ϯ 2.1 pmol/min, in the presence of Na ϩ -rich Ringer solution and increased significantly to 85.2 Ϯ 6.0 pmol/min in the presence of K ϩ -rich Ringer solution (Fig. 3 ). The rate of transepithelial Cl Ϫ secretion was 86.4 Ϯ 6.3 pmol/min in the presence of Na ϩ -rich Ringer solution and increased significantly (104.5 Ϯ 6.7 pmol/min) in the presence of K ϩ -rich Ringer solution (Fig. 3) .
Studies With Mosquitoes In Vivo
Effect of DMSO in vivo. In studies of isolated Malpighian tubules, we used DMSO at concentrations less than 0.1%, which tubules tolerate without ill effect (82) . Studies in intact mosquitoes required hemolymph DMSO concentrations much higher to deliver effective concentrations of small molecules in the companion paper (67a). In the control study done here, mosquitoes were injected with 900 nl of Na ϩ -HBS or K ϩ -HBS containing 1.9% DMSO. If the average hemolymph volume in a mosquito is 750 nl (70), the injection is expected to yield a hemolymph DMSO concentration of about 1.04%. As shown in Fig. 4 , the hemolymph injection of 1.9% DMSO had no significant effect on the excretion of a Na ϩ or a K ϩ load. Challenging mosquitoes with a Na ϩ load. (Fig. 5,  input) . Two hours later, the mosquito had completely removed the injected quantities of Na ϩ and Cl Ϫ from the hemolymph (Fig. 5, output) . In particular, the mosquito had excreted 165.8 Ϯ 13.9 nmol Na ϩ and 138.1 Ϯ 10.5 nmol Cl Ϫ . In contrast, the mosquito did not excrete all of the injected water: of the 900 nl injected into the hemolymph, the mosquito excreted only 725.0 Ϯ 32 nl 2 h later (Fig. 5) . Since the 99% confidence interval of the excreted urine volume does not include the injected volume (900 nl), the retention in the hemolymph of 175 nl of the injected water is significant (as indicated by an asterisk in Fig. 5 ).
In the process of completely clearing the injected Na ϩ and Cl Ϫ from the hemolymph, the mosquito excreted 10.1 Ϯ 1.2 nmol K ϩ in the time of 2 h (Fig. 5 ). Since the mosquito did not receive K ϩ with the injection of the Na ϩ load, the urinary excretion of K ϩ indicates a net loss of K ϩ from the body. The contribution Malpighian tubules make to the urinary excretion of the Na ϩ load was estimated on the assumption that distal tubules respond to the Na ϩ challenge in vivo as they did in vitro (Fig. 3) . Figure 5 supports this assumption as urinary excretion in vivo is qualitatively similar to tubular secretion in vitro. However, quantitatively, the estimates of tubular secretion fall short of clearing the injected loads in vivo. For example, the secretory segments of five Malpighian tubules are estimated to secrete 62.8 Ϯ 6.5 nmol Na ϩ in the time of 2 h, i.e., only 48% of the injected Na ϩ (Fig. 5) . Likewise, the tubules are estimated to secrete 68.9 Ϯ 5.1 nmol Cl Ϫ , i.e., only 50% of the injected Cl Ϫ (Fig. 5) . Similarly, the tubules are estimated to secrete 406.2 Ϯ 32.2 nl, i.e., only 45% of the injected volume of 900 nl (Fig. 5 ). As to K ϩ , the tubules are expected to secrete 11.6 nmol K ϩ in the time of 2 h, which is similar to the quantity of K ϩ excreted in the urine (Fig. 5 ). In summary, the NaCl injected into the hemolymph is completely removed from the circulation in the time of 2 h. The mosquito holds on to 19% of the injected water while Female mosquitoes were injected with 900 nl of Na ϩ -HBS or K ϩ -HBS containing 1.9% DMSO, and urine was collected after 2 h. Data are means Ϯ SE of (n) trials and 3 female mosquitoes per trial. From the volume excreted by 3 mosquitoes over 2 h, the urine excretion rate was normalized to 1 min for a single female mosquito. Fig. 5 . The excretory handling of a Na ϩ load in the yellow fever mosquito. The hemolymph of mosquitoes was injected with 900 nl of Na ϩ -HBS, and urine was subsequently collected for 2 h. The volume and moles secreted by Malpighian tubules was estimated from in vitro secretion rates (see Fig. 3 (Fig. 6 ). NMDG ϩ replaced Na ϩ in K ϩ -rich HBS. Two hours later, the mosquito completely removed the injected quantities of K ϩ and Na ϩ from the hemolymph. In particular, the mosquito excreted 56.4 Ϯ 7.6 nmol K ϩ and 19.0 Ϯ 3.7 nmol Na ϩ (Fig.  6) . The 99% confidence interval of these excreted loads includes the injected loads of K ϩ and Na ϩ . In contrast, the mosquito did not excrete all of the injected Cl Ϫ and water (Fig.  6) . Of the 135.2 nmol Cl Ϫ injected into the hemolymph, the mosquito excreted only 76.7 Ϯ 10.9 nmol in the time of 2 h, i.e., only 56.7% (Fig. 6) . Similarly, of the 900 nl injected into the hemolymph, the mosquito excreted only 466.7 Ϯ 45.0 nl, i.e., only 51.5% (Fig. 6) .
Malpighian tubules hindgut
Remarkably, estimates of the quantities secreted by Malpighian tubules in vivo match the urinary outputs in vivo (Fig.  6) . The K ϩ secretion rates measured in isolated Malpighian tubules (Fig. 3 ) predict 68.0 Ϯ 4.8 nmol K ϩ secreted in vivo in 2 h (Fig. 6) , which approximates the quantity of K ϩ excreted in the urine (56.4 nmol). Likewise, the Malpighian tubules are expected to secrete 16.0 Ϯ 2.3 nmol Na ϩ in vivo, which is similar to the urinary excretion of 19.0 nmol (Fig. 6) . The tubules are expected to secrete 83.4 Ϯ 5.4 nmol Cl Ϫ , which is similar to 76.7 nmol excreted by the mosquito (Fig. 6) . Finally, the tubules are expected to secrete 540.8 Ϯ 30.2 nl in the time of 2 h compared with 466.7 nl voided in the urine (Fig. 6) . Thus the activity of Malpighian tubules in vitro accounts for the urinary excretion of Na ϩ , K ϩ , Cl Ϫ , and water in vivo. Nevertheless, neither the mosquito nor its Malpighian tubules handled a sizeable fraction of the injected Cl Ϫ and water (Fig. 6) . The mosquito excreted only 51.8% of the injected water, and the tubules secreted only 60.1%. Similarly, the mosquito excreted only 56.7% of the injected Cl Ϫ , and the tubules secreted only 61.7%. Thus, after the injection of a K ϩ load, the tubules as well as the mosquito, excreted just as much Cl Ϫ and water as was necessary to clear the injected K ϩ (and Na ϩ ) from the hemolymph. As a result, the mosquito retained nearly half of the injected Cl Ϫ and water.
Composition of secreted fluid and urine. Table 2 compares the compositions of the fluid secreted by isolated Malpighian tubules and the urine excreted by mosquitoes. When the tubules were bathed in Na ϩ -rich Ringer solution, they secreted fluid with a Na ϩ concentration of 151.1 mM, which significantly increased to 226.9 mM in the excreted urine. In contrast, the K ϩ concentration fell significantly from 30.1 mM in secreted fluid to 13.9 mM in the urine. The Cl Ϫ concentration was 171.6 mM in secreted fluid, which is not significantly different from 190.4 mM in the urine. Fluid secreted by isolated Malpighian tubules had no significant anion deficit (9.7 mM), but the anion deficit in voided urine (50.4 mM) was significant. Finally, the sum of the measured Na ϩ , K Fig. 6 . The excretory handling of a K ϩ load in the yellow fever mosquito. The hemolymph of mosquitoes was injected with 900 nl of K ϩ -HBS, and urine was subsequently collected for 2 h. The volume and moles secreted by Malpighian tubules was estimated from in vitro secretion rates (see Fig.  3 ). Data are the mean of 8 trials of 3 mosquitoes each and 46 isolated Malpighian tubules. *99% confidence interval does not include the respective input value. Challenged to secrete K ϩ , isolated Malpighian tubules secreted fluid with a Na ϩ concentration of 31.1 mM, which did not increase significantly in the urine (Table 2) . Likewise, the high concentrations of K ϩ in secreted fluid (126.9 mM) did not change significantly in the voided urine (121.2 mM). Cl Ϫ concentrations in secreted fluid and urine were not significantly different. The anion deficit was negligible in both secreted fluid and urine. The sum of the measured Na ϩ , K ϩ , and Cl Ϫ concentrations in secreted fluid was similar to that in the urine. Thus the K ϩ load was excreted without urinary concentration. Figure 7 compares time course of the Na ϩ diuresis with that of the K ϩ diuresis in intact mosquitoes. Five mosquitoes rather than 3 mosquitoes per vial were used in this series of study. Again, each mosquito was injected with 900 nl Na ϩ -HBS or K ϩ -HBS. The mosquitoes were then placed into vials for the cumulative measurement of urine production at 30-min intervals for 2 h. After the hemolymph injection of the K ϩ load, urine volume increased linearly with time (Fig. 7) . In contrast, in Na ϩ -loaded mosquitoes, the diuresis was earlier and more potent than the diuresis in K ϩ -loaded mosquitoes. The Na ϩ -loaded mosquitoes excreted nearly six times the urine volume of K ϩ -loaded mosquitoes in the initial 30-min period of the diuresis (Fig. 7) .
Time course of the diuresis in vivo.
DISCUSSION
Effects of Ouabain on Transepithelial Electrolyte and Fluid Secretion in Isolated Malpighian Tubules
In a previous study, we observed the inhibition of fluid secretion in isolated Aedes Malpighian tubules after adding ouabain to the peritubular medium at concentrations greater than 100 M (29). In a later study, we detected significant Na-K-ATPase activity in some but not all tubules so that on average there was no significant Na-K-ATPase activity (75) , but most recently, we measured ATPase activities in Malpighian tubules of a single mosquito, which eliminates the inter-mosquito variation of the data (71) . In these measurements, the Na-K-ATPase contributes as much as 28% of the total ATPase activity of the tubule.
In the present study, we find that ouabain significantly inhibits the rate of transepithelial fluid secretion by significantly reducing the rate of K ϩ and Cl Ϫ secretion (P3 , Table 1 ). Simultaneously, ouabain significantly decreases the concentration of K ϩ and significantly increases the concentration of Na ϩ in secreted fluid consistent with the inhibition of the Na-KATPase located at tubule basolateral membranes. The inhibition reduces the recycling of Na ϩ to the peritubular medium, thereby raising the intracellular Na ϩ concentration and giving Na ϩ a competitive advantage over K ϩ for extrusion into the tubule lumen via NHA1 and/or NHA2 (Fig. 8) . As a result, the concentration of Na ϩ in secreted fluid rises and the concentration of K ϩ falls (P3, Table 1 ). Evidence for the competition between Na ϩ and K ϩ for extrusion into the tubule lumen across the apical membrane is also documented by isolated Malpighian tubules of Drosophila, where 100 M ouabain raised the concentration of secreted Na ϩ and lowered the concentration of secreted K ϩ (67) while inhibiting transepithelial fluid secretion (72) .
In view of 1) the effects of ouabain on transepithelial K ϩ , Cl Ϫ , and fluid secretion in the present study; 2) the measurement of significant Na-K-ATPase activity in our recent study (71) ; and 3) the demonstrated location of the Na-K-ATPase at basolateral membranes of stellate cells in Malpighian tubules of Aedes aegypti (53), we now consider the Na-K-ATPase a bona fide transport pump in Malpighian tubules of Aedes aegypti (Fig. 8) .
Primary and Secondary Effects of Pharmacological Agents in Isolated Tubules
Ouabain reduces the rate of transepithelial K ϩ secretion to 36% of control rates, which presents the Na-K-ATPase as a ϩ -rich or K ϩ -rich fluids. Na/H, unidentified amiloride-sensitive antiporter; NHE3, amiloridesensitive Na/H antiporter; gNa, Na ϩ conductance of unknown identity; NKCC, Na/K/2Cl cotransporter; Kir, inward rectifier K ϩ channel; Na-K-ATPase, Na/K pump; AE, anion exchanger; V-ATPase, V-type H ϩ ATPase; NHA1 and NHA2 electrophoretic Na/H antiporters, KCC, K/Cl symporter; GJ, gap junction; SJ, septate junction. Kir, KCC, and AE have been cloned in Aedes Malpighian tubules (57) (58) (59) . Numerical data are from Fig. 3 and Table 2. major player in the transepithelial secretion of K ϩ (P3, Table  1 ). K ϩ channels are also major players, because barium blocks transepithelial K ϩ secretion even more than ouabain, to 20% of control rates (69) . Moreover, barium significantly reduces the rates of transepithelial Na ϩ , Cl Ϫ , and fluid secretion, and together, barium and bumetanide inhibit transepithelial Na
, and fluid secretion altogether (69), i.e., there is no evidence for K ϩ secretion mediated by the Na-K-ATPase. Bumetanide alone paradoxically increases transepithelial Na ϩ secretion and decreases K ϩ secretion with no net effect on the transepithelial secretion of Cl Ϫ and water (29) . These observations suggest that ouabain, barium, and bumetanide each have secondary effects that are likely to arise from at least four transport substrates (Na ϩ , K ϩ , H ϩ , Cl Ϫ ) interacting with at least 11 transport systems in the tubule (Fig. 8) .
As to secondary effects of inhibiting the Na-K-ATPase, ouabain is expected to increase of the intracellular Na ϩ concentration and thereby reduce the Na ϩ -dependent entry of K ϩ into the cell via NKCC (18, 74) . The reduction in NKCC transport may therefore reduce transepithelial K ϩ secretion (Fig. 8) . As to barium reducing the transepithelial secretion of all three ions (Na ϩ , K ϩ , and Cl Ϫ ), the Ba 2ϩ block of more than 60% of the basolateral membrane conductance reduces K ϩ entry into the cell and consequently K ϩ extrusion across the apical membrane via NHA (6) . As a result, the transport activity of the V-type H ϩ ATPase at the apical membrane would decrease, reducing the electrical driving force for 1) the entry of Na ϩ via conductive pathways (g Na ) at basolateral membrane, and 2) the paracellular secretion of Cl Ϫ (Fig. 8) . Thus barium brings about the significant inhibition of not only K ϩ but also Na ϩ , Cl Ϫ , and fluid (69) . The hypothetical scenario would also explain the complete cessation of transepithelial electrolyte and fluid secretion in the presence of both barium and bumetanide (69) . As to bumetanide increasing the transepithelial secretion of Na ϩ and decreasing the transepithelial secretion of K ϩ without a change in transepithelial Cl Ϫ and fluid secretion (29) , NKCC-mediated K ϩ transport appears to bring more K ϩ into the cell than K ϩ channels when peritubular K ϩ concentrations are low, 3.4 mM, as in the Na ϩ -rich Ringer solution (Fig. 8) . K ϩ channels are expected to increasingly mediate K ϩ entry with increasing peritubular K ϩ concentration. The above considerations explore but a few possible functional connections between channels, carriers, and pumps that stem from changing ion concentrations alone. Additional complexities could arise from effects on intracellular ATP, membrane voltages, pH, second messengers, and posttranslational modification of transporters. Finally, the pumps, carriers, and channels that handle K ϩ could influence each other via proteinprotein interactions.
DMSO Tolerance In Vitro and In Vivo
DMSO is widely used to dissolve compounds with limited solubility in water. Isolated Malpighian tubules tolerate DMSO concentrations up to 0.1% (82) . In the present study we find that whole mosquitoes tolerate the injection of 1.9% DMSO (Fig. 4) . Dilution in the hemolymph is expected to yield an initial hemolymph DMSO level of 1% and to decrease further as DMSO enters cells. The distribution of DMSO in extra-and intracellular fluid compartments is expected to reduce hemolymph DMSO levels tolerated well by Malpighian tubules, which explains why the injection of 1.9% DMSO has no effect on the excretion of a Na ϩ or K ϩ load by the mosquito (Fig. 4) .
Handling of Na ϩ and K ϩ Challenges by Isolated Malpighian Tubules
Malpighian tubules have molecular mechanisms for secreting NaCl, KCl, and water, which are activated according to physiological need (Fig. 8) . Bathed in Na ϩ -rich Ringer solution, the tubules secrete 5.4 times more Na ϩ than K ϩ (Fig. 3) . Cl Ϫ is the counter ion of both Na ϩ and K ϩ , and secreted fluid has no anion deficit (Table 2) . Consequently, the rate of transepithelial Cl Ϫ secretion is similar to the rate of transepithelial cation (Na ϩ plus K ϩ ) secretion [ Fig. 3, (9,  79) ]. The sum of cation and anion concentrations in secreted fluid (352.8 mM) is similar to the sum in the peritubular Ringer (342.5 mM), indicating the secretion of an isosmotic fluid with Na ϩ , K ϩ , and Cl Ϫ as the dominant osmolytes (Fig. 3, Table 2 ).
As to the tubular handling of a Na ϩ challenge, Fig. 8 shows that Na ϩ may enter principal cells via 1) exchange transport with H ϩ mediated by an unidentified amiloride/EIPA-sensitive Na/H exchanger (28, 54), 2) exchange transport via NHE3, which is relatively insensitive to amiloride and EIPA (61), 3) cotransport with K ϩ and Cl Ϫ mediated by a bumetanidesensitive NKCC (24, 29, 32, 38) , and 4) a conductive pathway for Na ϩ (g Na ) that accounts for 16% of the electrical conductance of the basolateral membrane of principal cells (6) . Thus there are at least four routes for Na ϩ to enter principal cells of the tubule. The Na-K-ATPase located in stellate cells provides a route for Na ϩ to return to the peritubular medium or hemolymph (Fig. 8) . In addition, Na ϩ may leave epithelial cells across apical membranes of principal and stellate cells by exchange transport with H ϩ via members of the subfamily of the monovalent Cation Proton Antiporter 2 (CPA2) (12). Rheault et al. (66) have cloned the cDNA of one CPA, AgNHA1, in Anopheles gambiae, which shares high identity in Aedes. NHA1 and NHA2 have been localized to the apical membranes of respectively principal and stellate cells in Anopheles Malpighian tubules (81) . We have adopted this distribution of NHA1 and NHA2 in the model of transepithelial electrolyte transport across Aedes Malpighian tubules (Fig. 8) . However, in Drosophila Malpighian tubules, both NHA1 and NHA2 colocalize to the apical membrane of principal cells (13, 19) . Regardless of the cellular location, the presumed electrophoretic operation (nH/Na) makes NHA-mediated transport voltage dependent (11, 21, 26, 35, 77, 81) .
When bathed in K ϩ -rich Ringer solution, the tubules spontaneously respond by secreting K ϩ -rich fluid (Fig. 3) . Moreover, the tubules appear to be stimulated by the elevated peritubular K ϩ concentration. That is, when Na ϩ was replaced 1:1 with K ϩ in the peritubular medium, the basal rate of transepithelial fluid secretion significantly increased from 0.51 to 0.68 nl/min, and the rate of K ϩ secretion increased to levels 4.3 times higher than that of Na ϩ (Fig.  3) . Cl Ϫ remained the counter ion of secreted K ϩ and Na ϩ ( Table 2 ). There was no anion deficit in secreted fluid, and the sum of transepithelial K ϩ and Na ϩ secretion was similar to the rate of Cl Ϫ secretion (Table 2 , Fig. 3 ). The sum of secreted cation and anion concentrations, 313.8 mM, falls within the range of osmotic pressures of the peritubular Ringer solution, consistent with the isosmotic secretion of a K ϩ -rich fluid (Table 2 , Fig. 3 ).
As to the tubular handling of a K ϩ challenge, there are three routes for K ϩ to enter the cells of the tubule from the peritubular side: Kir channels, NKCC, and the Na-K-ATPase (Fig.  8) . At present, the distribution of Kir channels in principal and stellate cells is unknown. Barium, a known blocker of K ϩ channels, including Kir channels, immediately and reversibly increases the electrical resistance of the basolateral membrane of principal cells and blocks 80% of the transepithelial secretion of K ϩ consistent with the strong expression of AeKir1 and AeKir2B in Malpighian tubules of Aedes aegypti (6, 45, 59, 69) . NKCC and the Na/K pump are also major pathways for K ϩ to enter tubule epithelial cells from the hemolymph, particularly when low peritubular K ϩ concentrations might diminish the role of Kir channels (Fig. 8) .
K ϩ may leave principal cells across the apical membrane via NHA1 and/or KCC in principal cells and via NHA2 in stellate cells (81) . Studies in Drosophila Malpighian tubules suggest that NHA1 prefers to secrete K ϩ , and that NHA2 prefers to secrete Na ϩ (19) . One of us (Beyenbach) has suggested in a previous study, that Malpighian tubules may autoregulate the concentration of K ϩ in the hemolymph (4). Maddrellet al. (44) has reached the same conclusion years ago in their study of Malpighian tubules in Rhodnius. The large K ϩ conductance of the basolateral membrane has intracellular K ϩ at or near electrochemical equilibrium with extracellular K ϩ not only in Malpighian tubules of the yellow fever mosquito but also in tubules of ants and Rhodnius (6, 31, 39) . Accordingly, an increase in the K ϩ concentration in the hemolymph will increase the entry of K ϩ into the epithelial cells of tubules in vivo as it does in vitro (Figs. 3 and 6 ). To remain in steady state, K ϩ is subsequently extruded across apical membranes as the mechanism responsible for increasing the transepithelial secretion of K ϩ (Fig. 8) .
Excretory System in the Mosquito
In the absence of glomerular filtration, urinary excretion in the mosquito is a two-step process of epithelial secretion and reabsorption. Epithelial secretion begins in the distal, blind ended segment of the Malpighian tubule with the production of primary urine (Fig. 2A) . Epithelial reabsorption is known to begin in the proximal segment of the tubule as in Drosophila (48) and Rhodnius (43) and to continue in the ileum and rectum of the hindgut (50) . Thus what the insect excretes is the difference between secretory transport in distal Malpighian tubules upstream and reabsorptive transport downstream (Figs. 2, 5, and 6). It follows that diuresis may result from the stimulation of secretion upstream and/or the inhibition of reabsorption downstream, and antidiuresis may result from the inhibition of secretion upstream and/or the stimulation of reabsorption downstream (52) .
In the present study we have measured the formation of primary urine in isolated distal segments of Malpighian tubules (Fig. 1) , and we have measured urinary excretion in intact mosquitoes (Fig. 2) . The comparison of tubular secretion in vitro with urinary excretion in vivo informs about absorptive and secretory transport between the two ends of the excretory system (Figs. 5 and 6 ).
Mosquitoes maintained in the laboratory on a diet of 3% sucrose do not appear to produce urine at all (4) . If it is assumed that Malpighian tubules secrete fluid in vivo as they do in vitro (Fig. 3) , then the absence of urinary excretion in the mosquito must indicate the reabsorption of fluid that was secreted upstream. However, the assumption may be questioned, because tubular secretion in vivo may be inhibited by antidiuretic factors or hormones. Antidiuretic agents have been identified in several insects (3, 17, 22, 23, 33, 46, 56, 63) . If the tubules are downregulated in vivo, then this inhibition is lost when Malpighian tubules are removed from the hemolymph and studied in vitro in the Ramsay assay (Figs. 1 and 3 , Table  1 ). While fluid secretion in isolated Malpighian tubules is easily measured in the Ramsay assay (Fig. 1) , measuring fluid secretion in the intact mosquito requires a volume marker (akin to inulin in measurements of the glomerular filtration rates in vertebrates). In the absence of a volume marker for the tubular secretion of water in intact mosquitoes, it is conservative to assume that Malpighian tubules secrete solute and water in vivo as they do in vitro. In this case, tubular secretion upstream and little or no urinary output in the mosquito manifest the complete or nearly complete reabsorption of solute and water along its way to the outside. Accordingly, the "hindgut" (proximal Malpighian tubule, ileum, and rectum) must normally be under the influence of antidiuretic agents.
When mosquitoes are forced to produce urine at high rates, the composition of urine can be similar to that of the fluid secreted by Malpighian tubules in vitro ( Table 2) . As a first hypothesis, this similarity reflects the decreased contact time of primary urine in the hindgut. The "flush-through" diminishes the time for reabsorbing solute and water when the mosquito rids itself of injected Na ϩ , K ϩ , and volume loads (Figs. 5 and 6). Next to the physical effects of axial flow (down the tube) on radial transport (epithelial transport), hormones are likely to modify the urine before excretion.
Handling of the K ϩ and Na ϩ Loads by the Mosquito
Of the 900 nl injected into the hemolymph with the K ϩ load, the mosquito excreted only 466.7 nl in the time of 2 h (Fig. 6) . Thus the mosquito holds on to as much as 48.1% of the injected water volume. Similarly, the mosquito did not excrete 43.2% of the injected Cl Ϫ (135.2 nmol), i.e., the mosquito holds on to 58.5 nmol Cl Ϫ , which is remarkably similar to the injected quantity (58.7 nmol) of NMDG-Cl. The similarity suggests that the mosquito is unable to metabolize and/or transport NMDG ϩ . The retention of NMDG ϩ in the hemolymph necessitates the retention of Cl Ϫ and water. Thus the mosquito appears to handle the K ϩ load by excreting just enough Cl Ϫ and water to eliminate the injected quantities of K ϩ and Na ϩ from the hemolymph while leaving behind the injected quantities of NMDG ϩ , Cl Ϫ , and nearly half of the injected water.
In the mosquito, the urinary excretion of 56.4 nmol K ϩ over 2 h (Fig. 6 ) yields a minimum rate of K ϩ secretion by a single Malpighian tubule of 94.0 pmol/min, which is similar to the K ϩ secretion rate measured in isolated distal Malpighian tubules 85.2 pmol/min (Fig. 3) . Again, the good agreement suggests that 1) the distal Malpighian tubule must not be stimulated with a kaliuretic agent, and 2) the "hindgut" does little to modify primary urine before excretion. Accordingly, the reabsorption of Na ϩ , K ϩ , Cl Ϫ , and water in the hindgut must be inhibited or substantially reduced by unknown modulators.
In contrast to the urinary excretion of the K ϩ load, the present study strongly suggests the role of the calcitonin-like diuretic peptide (CT-like diuretic peptide) in the excretion of the Na ϩ load. Estimates of the tubular Na ϩ secretion in vivo, 62.8 nmol, fall short of 165.8 nmol, the Na ϩ excreted by the mosquito (Fig. 5) . To account for the Na ϩ load excreted in vivo, the distal, secretory portion of the tubule must therefore be stimulated by the mosquito natriuretic peptide (8, 55) . Supporting this conclusion is the rapid onset and hyperbolic termination of the diuresis following the hemolymph injection of the Na ϩ load (Fig. 7) . Most of the Na ϩ load injected into the hemolymph is excreted in the first 30 min when the rate of urine excretion is 19.3 nl/min compared with 0.67 nl/min in the next 90 min (Fig. 7) . Moreover, the time course of this diuresis is similar to that after a blood meal which is known to trigger the release of natriuretic peptide in Anopheles and Aedes (15, 80) . The natriuretic peptide is in all likelihood the CT-like peptide (15, 16) . For one reason, Coast (14) has found in Anopheles that the diuresis triggered by the hemolymph injection of a Na ϩ load (0.9% NaCl) was markedly diminished by the coinjection of an antiserum against CT-like diuretic peptide. For another reason, the CT-like peptides of Anopheles and Aedes are identical, and both use cAMP as second messenger to selectively activate transepithelial Na ϩ secretion in distal Malpighian tubules (15) . Thus the hemolymph injection of a Na ϩ load triggers the release of CT-like diuretic peptide not only in Anopheles but apparently also in Aedes.
Significantly, the laboratory of Pietrantonio (37) has detected the receptor of CT-like diuretic peptide not only in principal cells of Aedes Malpighian tubules but also in the circular and longitudinal muscles of the hindgut. Here, CT-like diuretic peptide increases the frequency of contractions. Increased hindgut motility is expected to increase excretion, supporting the diuretic activity upstream. Thus CT-like diuretic peptide mimics the action of kinin diuretic peptides in the hindgut (27) .
High rates of urine flow must not always indicate the reduction or inhibition of reabsorption in the hindgut as illustrated by the mosquito's handling of the Na ϩ load. To account for the Na ϩ excretion of 165.8 nmol in vivo, the distal Malpighian tubules must increase the transepithelial secretion of Na ϩ at least 2.6-fold via the stimulation by CT-like peptide (Fig. 5) . Since Aedes Malpighian tubules secrete a diuretic fluid containing 31 mM K ϩ when stimulated with mosquito natriuretic peptide (8, 55 ) and 35 mM K ϩ when stimulated with natriuretic CT-like peptide (16) , the stimulation by the CT-like peptide is expected to increase the tubular secretion of K ϩ from 11.6 to 30.2 nmol (Fig. 5) . The secretion threatens to lose more than 4 times the K ϩ present in the hemolymph of the mosquito (725 nl, 6.5 mM K ϩ ) (70, 80 (Fig. 5) . Compared with nondiuretic mosquitoes, the reabsorption of 20.1 nmol K ϩ suggests the stimulation of K ϩ reabsorption in the hindgut, consistent with the decrease in the K ϩ concentration from 30.1 mM in the primary urine to 13.9 mM in the excreted urine (Table 2) . Likewise, the 2.6-fold increase in Na ϩ secretion is expected to increase the tubular fluid secretion from a volume of 406.2 to 1056.1 nl (Fig. 5) . Since 725 nl are excreted by the mosquito, 331 nl must be reabsorbed downstream. The reabsorption of this volume by the proximal Malpighian tubule, ileum, and rectum accounts entirely for the increase in the Na ϩ concentration from 151.1 mM in the tubular fluid to 226.9 mM in the urine (Table 2) . To wit, the reabsorption of 331 nl removes 31.3% of the volume presented to the proximal tubule, ileum, and rectum. A volume loss of 35.5% water is predicted if the Na ϩ concentration of a solution increases from 151 mM (in the primary urine) to 227 mM (in the excreted urine) by the evaporation of water alone. The good agreement between these two percentages supports the conclusion that in the case of the Na ϩ diuresis, significant quantities of K ϩ , Cl Ϫ , and water are reabsorbed form the primary urine on its way to the outside despite the "flushthrough" effect of high urine flow rates. Moreover, in view of the stimulation of NaCl and fluid secretion upstream and the reabsorption of KCl and fluid downstream, it is tempting to hypothesize that the CT-like diuretic peptide stimulates Na ϩ secretion in distal Malpighian tubules and K ϩ reabsorption in the hindgut.
Concluding Summary
In the interpretation of the results we have assumed that Malpighian tubules secrete Na ϩ , K ϩ , Cl Ϫ , and water in the mosquito at rates similar to those measured in isolated Malpighian tubules. In intact, nondiuretic mosquitoes dealing with environmental desiccation, these electrolytes and water must be reabsorbed in the hindgut to account for the excretion of the dry or semidry excreta of largely metabolic wastes, surpluses, and foreign molecules (15) . In contrast, mosquitoes excrete liquid urine when they deal with the excess solute and water of a blood meal or the hemolymph injection of Na ϩ and K ϩ loads. Under these diuretic conditions, the reabsorption of Na ϩ , K ϩ , Cl Ϫ , and water in the hindgut must be largely inhibited, presumably by the inhibition of antidiuretic factors that are normally active here.
The present study indicates that tubules and hindgut respond differently to Na ϩ and K ϩ loads injected into the hemolymph of the mosquito. To get rid of the injected Na ϩ , the mosquito releases the CT-like diuretic hormone, which substantially increases the rates of Na ϩ , K ϩ , Cl Ϫ , and water secretion in distal Malpighian tubules. Downstream, the reabsorption of Na ϩ seems completely inhibited in the hindgut, the reabsorption of Cl Ϫ and water is reduced, and the reabsorption of K ϩ is stimulated. As a result, the mosquito excretes a NaCl-rich urine hyperosmotic to the hemolymph. The peptides or hormones that inhibit Na ϩ absorption and stimulate the reabsorption of K ϩ downstream are unknown. The spontaneous rates of K ϩ secretion in distal Malpighian tubules can account for the urinary excretion of the K ϩ load injected into the hemolymph of the mosquito. A kaliuretic hormone is apparently not needed, and such a hormone has so far not been identified in any insect. Thus the K ϩ diuresis in the mosquito stems largely from modified transport functions in the hindgut. Here, the reabsorption of Na ϩ seems completely inhibited again while the reabsorption of K ϩ , Cl Ϫ , and water is strongly inhibited. As a result, the mosquito excretes urine containing largely KCl and some NaCl, isosmotic to the hemolymph. The peptides or hormones that inhibit or reduce the reabsorption of Na ϩ , K ϩ , Cl Ϫ , and water downstream are unknown.
Perspectives and Significance
Our study of isolated Malpighian tubules and intact mosquitoes reveal the remarkable physiological resourcefulness of the excretory system. The tubules possess the mechanisms for excreting Na ϩ and K ϩ loads spontaneously, which may be amplified in vivo by diuretic hormones. In the intact mosquito, the function of tubules and hindgut are integrated to respond to specific challenges with unique responses. Responding to a Na ϩ load, the renal excretory system consisting of distal and proximal Malpighian tubules, the ileum, and rectum responds to excrete NaCl-rich urine. Responding to a K ϩ load, the renal excretory system responds to excrete KCl-rich urine. The peptides and hormones regulating diuretic and/or antidiuretic responses in the hindgut are unknown in the yellow fever mosquito. 
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